High levels of contamination in the aquatic environment and wildlife within the Ontario portion of the St. Lawrence River at the Cornwall Area of Concern (AOC) have raised questions about potential impacts on wildlife health. Northern leopard frog embryos were raised in two wetland sites within the AOC and at two reference sites to assess differences in water and sediment quality on survivorship and deformity rates. Chlorinated hydrocarbons (total polychlorinated biphenyls, organochlorine pesticides), polycyclic aromatic hydrocarbons, nutrients and heavy metals were measured in sediment and/or water from the study sites. Levels of some metals such as aluminium, cadmium, chromium and copper, exceeded federal and provincial guidelines for the protection of aquatic life, especially in the two AOC wetlands. Early stage tadpole survivorship was significantly lower and deformity frequency significantly higher at wetlands within the AOC; however, differences were likely not biologically significant. Survivorship and deformity rates of leopard frogs (Rana pipiens) at metamorphosis did not differ significantly among sites. Onset of metamorphosis was accelerated in tadpoles raised in wetlands within the AOC. Tadpoles raised in wetlands within the St. Lawrence River AOC took significantly less time to complete metamorphosis (53-55 days) than did tadpoles raised at reference sites (61-64 days). The phenology of metamorphosis was also more synchronous in tadpoles raised in the AOC, with all tadpoles reaching metamorphosis within a space of 3 to 7 days, as compared to 9 to 12 days at reference wetlands; these differences could not be accounted for by water temperature. Differences in development and survivorship rates between AOC and reference sites may be related to contaminant concentrations in water and sediment. However, no strong evidence for beneficial use impairment in terms of reproductive impairments or elevated deformity rates were seen from caged leopard frogs in the two AOC wetlands.
Introduction
Lake St. Francis and the upstream portion of the St. Lawrence River where it passes through Cornwall (Ontario) and Massena (New York) have been designated by the International Joint Commission (International Joint Commission 1978) as an Area of Concern (AOC), due to high levels of contamination in the sediments from present day and historic industrial activity. Elevated contamination levels in the AOC have been associated with high tissue contaminant burdens and potential health effects in local wildlife. Elevated levels of PCBs, as high as 737 µg/g were measured in snapping turtle (Chelydra serpentina) eggs collected from sites along the south shore of the Cornwall AOC; this represents one of the highest tissue concentrations ever recorded in wildlife (de Solla et al. 2001) . Tree swallows (Tachycineta bicolor) from some sites within the AOC exhibited a reduction in basal plasma corticosterone levels associated with elevated levels of PCDFs in the environment (Martinovic et al. 2003) .
The south shore of the river is characterized by high levels of polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs) in the sediments, while the north shore is characterized by high levels of mercury and heavy metals in the sediments (Dreier et al. 1997) . The International Joint Commission (International Joint Commission 1987) has defined 14 ways that beneficial uses of water may be impaired in the Great Lakes, many of which are considered impaired in the St. Lawrence (at Cornwall) AOC. These include: degradation of the benthos, restrictions on dredging due to high contaminant loads in the sediments, excess eutrophication, degradation of fish and wildlife populations, restrictions of fish and wildlife consumption due to high mercury and PCB body burdens and degradation of fish and wildlife habitat (Dreier et al. 1997) .
Beneficial use impairment in the form of deformities or reproductive problems in wildlife is still under investigation and should be determined as part of the remedial action plan for the Cornwall AOC. There is some evidence to suggest that amphibian deformities may be elevated within the AOC. Mudpuppies (Necturus maculosus) from the St. Lawrence as it passes through the Cornwall AOC exhibited increased rates of skeletal deformities (Bishop and Gendron 1998) . Unpublished surveys of leopard frogs on the north shore of the AOC also indicated potentially elevated incidences of deformities (B. Hickey, pers. comm.) . Elevated rates of deformity in amphibians have been associated with heavy metal and PCB contamination in studies from other localities (Calevro et al. 1998) . Although little field work has been conducted, laboratory exposures suggest that contaminant levels in the AOC represent a threat to amphibians. Wood frog tadpoles experimentally exposed to sediments from a highly contaminated site on the south shore experienced increased mortality and behavioural abnormalities (Savage et al. 2002) . Exposure to sediments from the north shore produced cytotoxic effects on cell lines of northern leopard frogs (Rana pipiens) and green frogs (R. clamitans) (Gillan et al. 1998) .
A workshop held in 1997 called 'Strategies for Assessing the Implications of Malformed Frogs' recommended the use of field investigations to verify reports of increased rates of malformations in amphibian populations with an enhanced focus on water quality . Most studies on amphibian toxicology have been designed to test the toxicity of single compounds, using laboratory exposures. These do not always give an accurate picture of the impact of contamination on wild populations and may hold little relevance for natural ecosystems. Few field studies have been conducted which measure biological endpoints and it is often difficult to isolate exposure effects due to fluctuations in environmental variables and sampling variation . We advocate a dual approach, monitoring existing amphibian populations in combination with semicontrolled field exposures (Harris et al. 2001) . Raising amphibian larvae in cages placed in wetlands allows for an assessment of the impact of water quality on rates of survivorship, growth and deformity, while removing influences of confounding variables, such as predation, parasitism and interspecific competition (Harris and Bogart 1997; Harris et al. 2001) .
This project was undertaken to determine the impacts of industrial and agricultural contamination on sediment quality, water quality and amphibian development in two wetlands on the north shore of the Ontario portion of the St. Lawrence at Cornwall AOC. The north shore was chosen because initial surveys had indicated areas of increased rates of deformity in leopard frogs (B. Hickey, pers. comm.) and because this area has not been as extensively studied for biological effects as the south shore. Caging is labour intensive, and requires daily visits to each site at critical times in the tadpole life history, especially during metamorphosis. The number of sites where caging can be conducted at one time is subject to logistic limitations and we were able to visit only 4 wetlands on an intensive basis. For this reason we selected two wetlands within the AOC where amphibian deformities had been previously detected.
Leopard frogs were raised to metamorphosis, and green frogs were raised to hatching, in cages within two AOC wetlands and two reference wetlands upstream of the AOC. Rates of hatching, survival and deformity, as well as time to metamorphosis were compared among study sites. The incidences of deformities of young-of-theyear (y-o-y) in wild populations of leopard frogs was also measured at wetland sites. We predicted that the rates of survival, hatching and growth would be inhibited, while the rates of deformity would be elevated in frogs in wetlands within the AOC, as compared to reference wetlands. This study was conducted over two separate field seasons in 1998 and 1999. A subsample of results from the 1998 field season has been published in an article describing the monitoring method (Harris et al. 2001) . Data in this paper largely concern the overall results of the study.
Methods

Study Sites
Two wetlands within the Cornwall, Ontario, AOC and two reference wetlands upstream of the Cornwall AOC were chosen for water quality, sediment quality and frog health assessment in the summers of 1998 and 1999 (Fig.  1) . Cooper Marsh and Gray's Creek are conservation areas within the Cornwall AOC, owned by the Raison Region Conservation Authority. These two sites were selected based on preliminary surveys showing elevated rates of deformity in wild frog populations (Harris et al. 2001 were placed ~0.5 km upstream from the river mouth to avoid traffic from a nearby recreational marina, and were located just downstream of a drain from a stormwater retention pond which receives stormwater runoff from the city of Cornwall. Reference sites Hoasic Creek (sampled in 1998 and 1999) and Upper Canada Migratory Bird Sanctuary (MBS) (sampled in 1999 only), were selected based on their extended distance from industrial and agricultural areas, and because they were upstream of the Cornwall AOC (Fig. 1) . At Hoasic Creek (Glengarry county 44°59'22''N, 75°11'35''W), frog cages were placed 11 km from the mouth of the creek and downstream of a large beaver marsh. MBS (Glengarry county 44°58'03''N, 75°01'21''W) is a 0.6-ha pond located beside the shore of the St. Lawrence River and west of the town of Ingleside, Ontario. The pond is used as a banding station for migratory waterfowl, and the water level is maintained throughout the year by drawing water from the St. Lawrence River. Frog cages at MBS were evenly placed around the circumference of the pond.
Leopard frog and green frog eggs used in caging studies were collected from Guindon Park Conservation Area (Glengarry county 45°01'48''N, 74°47'47''W), upstream of the Cornwall AOC and 18 km east of MBS (Fig. 1) . Although it is possible that some frogs at the site could have originated in the Cornwall AOC, this site was chosen as the source of genetically robust stock, based on a preliminary survey of y-o-y leopard frogs in 1997, which found no incidences of deformities (Hickey, Unpublished data).
Water and Sediment Collection and Analysis
Water samples were taken throughout the period of ongoing frog studies: 8 and 27 June 1998, 13 and 26 May, and 9 June 1999. Water sampling was conducted using the methods of Bishop et al. (2000) . Upon collection, water was immediately preserved for fixation of phosphorus (1 mL of a 30% solution of H2SO4 per 100-mL sample), trace metals (1 mL of 1:1 HNO3 per 250-mL sample) and mercury (1 mL of H2SO4 plus 0.05% potassium dichromate per 100-mL sample). Water samples for ammonia, nitrates and nitrites were not preserved. Water samples were held at 4ºC until analyses were performed.
Water samples were analyzed by Environment Canada's National Laboratory for Environmental Testing (NLET), Burlington, Ontario. The concentration of chlorides, major ions (Mg, Ca, Na and K), mercury, trace metals (Ni, Pb, An, Cr, Cu, Al), total phosphorus (TP), nitrate (NO3-N), nitrite (NO2-N), ammonia (NH3-N), total Kjeldahl nitrogen (TKN), dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC), as well as specific conductivity, turbidity and pH were assayed using standard methods (Environment Canada 1997b,d,e; Bishop et al. 2000) . Detection limits for nutrients and major ions are listed in Table 1 .
Surficial sediment was sampled from all sites on 16 June 1999. Sediment was collected using a mini-Ponar grab sampler. At least five grab samples were collected per site, approximately 1 m from each frog cage. All five or more sediment grabs from a site were pooled in a 20-L plastic bucket, thoroughly mixed and 500-mL subsamples were put into 500-mL Teflon jars for chemical analysis. Sediments were held on ice for the duration of the collection time, and then stored at -20°C within 6 h.
Particle size analysis was performed as suggested by Duncan and LaHaie (1979) . Nutrients and metals (As, Se, Al, Cd, Cr, Cu, Ni, Fe, Pb, Zn and Hg) in sediments were measured using standard methods at NLET (Environment Canada 1997a,c,d; Bishop et al. 2000) . PAHs in sediments were measured by gas chromatography/mass spectroscopy according to standard Environment Canada protocols (Environment Canada 1997g) . The individual PAHs quantified with this method were indene, 1,2,3,4-tetrahydronapthalene, napthalene, 1-and 2-methylnapthalene, 2-chloronapthalene, acenapthylene, acenapthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(e)pyrene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene, benzo(a)pyrene-D12 and benzo(g,h,i)perylene. Oil and grease were measured by subjecting a sample of sediment to acidification, then desiccating the sample and extracting oil and grease residues using hexane on a Soxhlet apparatus. The extract was collected, filtered, dried and weighed. The method detection limit was 0.5 mg/g dry weight.
Organochlorine (OC) pesticides and PCBs in sediments were analyzed through organic extraction and gas chromatography following standard methods (Environment Canada 1997f) . The OCs quantified with this method were 1,3-, 1,4-and 1,2-dichlorobenzene, 1,3,5-, 1,2,4-and 1,2,3-trichlorobenzene, 1,2,3,4-tetrachlorobenzene, pentachlorobenzene, alpha-and gamma-hexachlorocyclohexane (HCH), aldrin, heptachlor epoxide, alphaand beta-endosulfan, alpha-and
methoxychlor and mirex. Total PCBs were measured in the sediment (Environment Canada 1997f) . OC pesticides were not detected in any samples at minimum detection limits ranging from 5 to 10 ng/g dry weight.
Concentrations of nutrients and contaminants in sediment are given as dry weight values.
Frog Caging Studies
Caging studies were completed using early life stages of leopard frogs and green frogs; they followed one of two distinct protocols established either for embryos and tad- poles during the first 2 to 3 weeks of development (Harris and Bogart 1997), or for tadpoles up until metamorphosis (Harris et al. 2001) . Slight modifications to the established methods were necessary. Details of the 1998 caging methodology for leopard frogs were described in Harris et al. (2001) . In 1999, five leopard frog egg masses (A, B, C, D and E) and in 1998, two green frog egg masses (a and b), all less than 12 h old, were collected from Guindon Park. Each egg mass represented one replicate. Egg masses were transported in coolers to the laboratory, where they were staged according to Gosner (1960) ; the stages of development at that time ranged from stage 6 (16-cell) to stage 14 (neural fold). Eggs were subdivided into equal portions, held overnight at ambient temperature, then transported in a cooler to the study sites. For leopard frogs, five 3-L cylindrical mesh cages were placed at each study site, and 200 eggs from one of the original five egg masses were placed in each cage. For green frogs, two cages were placed at each study site, and 1000 (egg mass a) or 600 (egg mass b) eggs were placed in each. The 3-L cage design was described in depth in Harris and Bogart (1997) . Briefly, cages were constructed from 500-mm Nytex nylon (Tekto Inc., New York), and within the cages, eggs were suspended near the water surface in a small plastic sieve.
Eggs were monitored daily until hatching. Each day, dead embryos were counted and removed with a disposable pipette. Upon hatching, any remaining dead eggs were counted and the sieve was removed to allow tadpoles to swim freely in the cage. Tadpoles were monitored by eye until they reached the active swimming and foraging stage, Gosner 23. From this point onward, boiled lettuce was given ad libitum, tadpoles were counted and feces removed every 2 to 3 days. During each cage check, four to five tadpoles from each cage were staged to monitor the rate of development. When tadpoles reached Gosner 25, they were transferred to the laboratory for assessment of deformities. Tadpoles were euthanized using a 2 g/L solution of tricaine methanesulfonate (MS-222) in accordance with standards of the Canada Council for Animal Care and examined under a dissecting microscope. Deformities were characterized in accordance with the Atlas of Abnormalities (Bantle et al. 1998) for Xenopus tadpoles.
At the time of removal for deformity assessments, 50 leopard frog tadpoles from each cage were retained at the study sites (n = 250 tadpoles per site). They were transferred to five larger 45-L cages, whose design was described in detail in Harris et al. (2001) . Briefly, large cages were constructed from the same Nytex mesh, suspended within a floating wooden frame, but were further protected by an outer barrier of green garden fencing that effectively restricted juvenile muskrat (Ondatra zibethica) damage. Once every 1 (Gray's Creek) or 2 (all other sites) weeks, the insides of the large cages were thoroughly cleaned of algae by scrubbing with a plastic vegetable brush and rinsed several times in the ambient water. Cage maintenance at Gray's Creek was more frequent because of the high turbidity and rapid algal growth at that site. A maximum/minimum thermometer (Fisher Scientific, Canada) was placed on each cage and maximum and minimum temperatures were noted when cages were monitored.
Tadpoles were housed at densities of 0.5 per litre; 2 per litre is the recommended maximum density to avoid crowding effects in leopard frogs (Gromko et al. 1973) . Also, cages were designed to minimize density effects, in that the mesh size allowed continuous water flow, thus preventing the aqueous accumulation of the growth-and development-inhibiting compounds normally secreted by tadpoles (West 1960) . Feces were removed once every 2 days, thereby preventing the growth-inhibiting effects associated with fecal consumption by neighbouring tadpoles (Griffiths et al. 1993) . Food was provided ad libitum, as studies on leopard frogs have shown this can help to eliminate density effects (Gromko et al. 1973) .
Tadpoles were housed in the enclosures until at least one forelimb erupted, (Gosner 42) , at which time they were removed and allowed to complete metamorphosis (Gosner 46) in the laboratory in plastic containers, slanted on a 20% grade to prevent drowning. At test termination frogs were weighed (g), then euthanized in a 2-g/L solution of MS-222. Individuals were toe-tagged with ID numbers, examined for deformities and snout-vent length was measured with vernier callipers (±0.01 mm).
Deformities were classified in accordance with the classification system for developmental abnormalities in amphibians used by Ouellet (2000) . Hind limb deformities were characterized in accordance with the classification system developed by Meteyer et al. (2000) for leopard frogs. Suspected abnormalities were confirmed by radiography to detect the presence or absence of bony structures .
Surveys of Wild Leopard Frog Populations in Wetlands
We conducted surveys of wild frog populations at all sites (including Guindon Park) during June to August, 1998 and 1999. Surveys were carried out by walking a transect and capturing frogs approximately 2 m on either side of the transect with a dip net. Transects followed the shoreline (Hoasic, MBS, Gray's Creek, Guindon Park) or dikes (Cooper Marsh) and were concentrated near areas where cages were located. All captured frogs were examined for deformities on site. Weight was taken with an appropriately sized Pesola spring scale (10 ± 0.5 g for y-o-y, 50 ± 0.5 g for adults), and snoutvent length was measured with vernier callipers (±0.01 mm). Since several survey events were required for an appropriate sample size, a toe was clipped from each frog to identify any subsequent recaptures. Surveys were conducted once or twice per week at each site from 6 to 23 July 1998, and 8 June to 22 August 1999. Voucher specimens of deformed wild frogs were collected and euthanized for deformity characterization. These frogs were brought to the University of Guelph for examination by a veterinary pathologist and subjected to radiography to identify skeletal abnormalities.
Statistical Analyses
All statistical analyses were performed using STATIS-TICA, version 5.5 (StatSoft Inc. 2000) . Sites were ranked according to concentrations of metals and nutrients in both water and sediments using a Friedman's rank test.
Rates of survivorship were evaluated at the following three developmental stages: hatching (Gosner 20) , free swimming (Gosner 25) and metamorphic climax (Gosner 42) . Rates of survival and deformity were compared among sites and among clutches using an ANOVA (Sokal and Rohlf 1999) .
In 1999, the weight and snout-vent length of caged northern leopard frogs were compared among sites and among clutches using a two-factor (site, clutch) ANOVA. In 1998, since caged frogs were not divided into clutches, weight and snout-vent length were compared between sites using a nested ANOVA with cages nested within site (Sokal and Rohlf 1999) .
Development in anuran embryos is temperaturedependent; embryos raised at higher temperatures develop at a faster rate (Bachmann 1969) . Since temperature differed among sites, and to a lesser degree within sites, comparisons of time to metamorphosis in 1999 were adjusted for temperature. Degree days were calculated by taking the average of the minimum and maximum temperatures at each cage, and summing over time. The cumulative number of degree days when 50% of the tadpoles in each cage reached Gosner 42 were then compared among sites using a Kruskal-Wallis nonparametric ANOVA. Tadpoles in 1998 were not divided into clutches, and there was an uneven number of replicates per site; therefore, time to metamorphosis was analyzed using a nested ANOVA with cages nested within site using a type-3 sums-of-squares.
Rates of deformity in wild frogs were compared among sites using goodness of fit tests. Deformity rates in wild frogs were compared to a 2% background rate expected in wild populations (Ouellet 2000) and to a 5% rate considered to be potential cause for concern (Ouellet 2000) using a binomial test.
Results
Water Chemistry
Levels of TKN, which measures ammonia and organic nitrogen, exceeded 1 mg L -1 at Hoasic Creek (Table 1) . (Table 2) . CWQG threshold values for copper, nickel, cadmium, lead and zinc were based on water hardness between 60 and 120 mg/L. Copper levels in water from MBS and Gray's Creek were slightly above the CWQG. Cadmium and chromium concentrations in Gray's Creek water were also just above CWQG values ( Table 2 ), assuming that hexavalent chromium accounted for 10 to 60% of the total chromium in the water. Aluminium concentrations exceeded the CWQG value of 0.1 mg/L in water samples from all sites except Hoasic Creek (Table 2 ). Gray's Creek ranked highest for trace metals in the water, followed by MBS, Cooper Marsh, and Hoasic Creek but differences were not significant.
Sediment Chemistry
The physical characteristics of the sediments varied among sites. Sediments at Cooper Marsh and MBS were dominated by clay and silt, while those at Hoasic Creek and Gray's Creek contained higher proportions of sand and gravel (Table 3 ). There was a significant correlation between concentrations of trace metals in the water and those in the sediment (r = 0.63, p < 0.05). Oil and grease were detected in sediment from all sites (Table 3) , but concentrations were below PSQG standard values. The site with the highest level of oil and grease was Hoasic Creek. Although a reference site, the cages were located adjacent to a road where runoff from automobile traffic could enter the creek. Nutrient concentrations in the sediments were high at all sites, as indicated by values for TKN and TP that often exceeded PSQG for low effects (Table 3) ; TKN values exceeded PSQG for severe effects at Hoasic Creek. Concentrations of TOC also exceeded the PSQG standard at all sites, approaching severe effect levels at Hoasic Creek.
Concentrations of chromium, copper and nickel in surficial sediments exceeded the PSQG lowest effect levels (LEL) at all sites except Hoasic Creek (Table 3) . Levels of chromium in the sediments of Cooper Marsh (107 µg/g) were just under the PSQG severe effect value (110 µg/g). Gray's Creek sediments also exceeded the PSQG value for zinc. Concentrations of aluminium ranged from 8410 to 45,100 µg/g; there are no provincial or federal guidelines for comparison. Cadmium, lead, mercury and arsenic were detected in all sediment samples, but were well below PSQG levels. Overall, Cooper Marsh ranked highest for heavy metal concentrations, followed by MBS, Gray's Creek and Hoasic Creek. The difference between Cooper Marsh and Hoasic Creek samples was significant (q = 3.74, p < 0.05).
Levels of OC pesticides were below detection limits for all compounds at all sites. PCBs were found in sediments at all sites, while PAHs were only found at MBS and Gray's Creek (Table 3) . All values were below PSQG effect levels.
Frog Caging Studies
Green frogs. Rates of deformity in green frog tadpoles at 11 days of age (Gosner 25) ranged from 4 to 5% at Cooper Marsh and Hoasic Creek, and up to 20.5% at Gray's Creek. A log-linear analysis indicated a significant interaction between egg mass and site, thus deformities were analyzed separately for each egg mass. For Clutch B, rates of deformity differed significantly among sites (χ 2 = 34.89, p < 0.001); tadpoles were more likely to be deformed at Gray's Creek than at Hoasic Creek or Cooper Marsh.
Leopard frogs-survivorship. Survivorship at all three life stages censused-hatching, Gosner 25 and Gosner 42-was uniformly high. Some significant differences were found among sites; however, survivorship never fell below 75% at any site. The hatching success of leopard frog eggs was high at all sites, not falling below a mean of 97%; there was no difference in hatching success among sites or among egg masses. Tadpole survival to Gosner 25 was also relatively high at all sites: Cooper Marsh 86%, MBS 87.6%, Gray's Creek 88.2% and Hoasic Creek 91%. Nonetheless, there was a significant interaction between site and survivorship (χ 2 = 23.7, p < 0.001), with tadpole survival being higher at Hoasic Creek than at any other site. Survival to metamorphosis (Gosner 42) was also high at all sites: MBS 88.4%, Hoasic Creek 89.2%, Cooper Marsh 90% and Gray's Creek 93.2%. A log-linear analysis indicated a significant three-way interaction among site, clutch and survivorship to metamorphosis (χ 2 = 25.8, p = 0.01); thus, clutches were analyzed individually. Only clutch B showed a significant interaction between site and survival to metamorphosis, with survivorship being lower at all sites compared to at MBS.
Leopard frogs-deformities. Rates of deformity in caged tadpoles were low, but there were still significant differences among sites. Average deformity rates in Gosner 25 tadpoles ranged from 0.2% at MBS to 2% at Gray's Creek. The most common type of deformity was dorsal or lateral flexure of the notochord. The log-linear model, site(S) x deformities(D) clutch(C) x site(S), which excludes the interaction between clutch and deformity rate, gave the best fit of the data (χ 2 = 11.85, p = 0.75) and indicated that there was no clutch effect on the rate of deformities. For this reason, tadpoles from different clutches were pooled and frequencies of deformity among sites compared directly. Rates were significantly different among sites (χ 2 = 11.5, p = 0.009), with tadpoles from Cooper Marsh and Gray's Creek being more likely to be deformed than those from Hoasic Creek and MBS.
Deformity rates in newly metamorphosed frogs did not differ among sites (Table 4) . Types of deformities included missing eyes (anophthalmy), extra toes (polyphalangy), missing toes (ectrodactyly), lateral flexure of the spinal chord and edema. Several metamorphs had a bubble of fluid within the toe tip, which was caused by infections of parasitic copepods; these were not counted as deformities. In 1999, average deformity rates among sites varied from 0.9% at Gray's Creek to 3.4% at Cooper Marsh. In 1998, average rates varied from 0% at Hoasic Creek to 2.2% at Gray's Creek. A log-linear analysis revealed no relationship between site and deformity rate (χ 2 = 8.1, p = 0.92) or clutch and deformity rate (χ 2 = 7.4, p = 0.96).
Leopard frogs-size at and time to metamorphosis.
Overall, there was no significant difference in the mean mass of newly metamorphosed leopard frogs in cages among study sites in either 1998 or 1999 (data not shown); however, there was a significant clutch effect and a significant interaction between clutch and site in 1999. There were significant differences in the mean masses of frogs originating from different clutches (F = 11.63, p < 0.01). Frogs from egg masses B and E were significantly larger than those from masses A, C and D. In 1999, there was a significant difference in the mean snout-vent length of caged frogs among sites (F = 3.1, p = 0.025), but the difference accounted for less than 3% of body length. Frogs at Cooper Marsh (mean = 21.37 mm) were significantly larger than frogs from Hoasic Creek (mean = 20.72 mm, p < 0.03).
In 1998, we were unable to detect a significant difference in time to metamorphosis among sites, after excluding cages attacked by muskrats (nested ANOVA, F = 1.078, p = 0.4); however, in 1999, with a more complete data set, tadpoles appeared to reach Gosner 42 sooner at AOC sites than at reference sites. Development in amphibians is temperature-dependent and temperature did vary significantly among sites (Kruskal-Wallis ANOVA, H = 11.96, p < 0.0075); therefore we corrected for differences in temperature by comparing the number of cumulative degree days when 50% of tadpoles in each cage reached Gosner 42. The number of cumulative degree days was highest at reference sites and lowest at sites within the AOC (Kruskal-Wallis ANOVA, F = 15.3, p = 0.002, Fig. 2) .
The average number of days between the first and last tadpole in each cage achieving Gosner 42 also varied significantly among sites (two factor ANOVA, F = 54.1, p < 0.001), with metamorphosis taking place faster in the AOC (means of 3.5 and 6.5 days) versus reference sites (means of 9.5 and 11.5 days) (Fig. 3) .
Surveys of Wild Leopard Frog Populations in Wetlands
Deformity rates of wild leopard frogs ranged from 4.7 and 10% at Gray's Creek in 1999 and 1998, respectively, to 0% at Hoasic Creek (Table 5 ). The majority of cases involved hind limb deformities, mainly polyphalangy or ectrodactyly. Also found were asymmetrical eyes, severely malformed hind and forelimbs, missing appendages and skin growths. Deformity rates varied between years and qualitatively. In 1998, deformity rates in y-o-y frogs were statistically greater than a 2% background rate at sites within the AOC, but not at reference sites (Table 5 ). In 1999, the same trend occurred; but rates above 2% were only seen when considering frogs of all ages. Deformity rates were not significantly greater than 5% in any of the sites, in either year. Most deformities were found in y-o-y in 1998, but most were found in frogs at least one year old in 1999 suggesting that these may be frogs that emerged in the 1998 field season. In order to assemble a reasonable sample size for statistical comparison of deformity rates among sites, data from wild frogs collected in 1998 (n = 279) and 1999 (n = 612) were pooled. Hoasic Creek was excluded from the analysis due to low sample size (n = 37). Overall, there was no difference in the deformity rates of y-o-y frogs among sites (χ 2 = 2.75, p = 0.25). 
Discussion
All of our study sites were relatively eutrophic, as indicated by elevated levels of TP and TKN in the water. Average levels of TKN ranged from 0.61 to 1.24 mg/L, and levels over 0.6 mg/L are considered to be within the eutrophic range for surface waters. Levels of nitrates/nitrites and ammonium were not elevated and were well below levels known to have sublethal effects on amphibian larvae (Rouse et al. 1999) . Levels of trace metals in water from three of our four study sites exceeded CWQG values for the protection of aquatic life in at least one of the two years of study. Aqueous copper concentrations in Gray's Creek and Hoasic Creek, chromium concentrations in Cooper Marsh and Gray's Creek, and aluminium concentrations in all site waters except Hoasic Creek were above recommended maximum values. At Gray's Creek, which ranked highest for aqueous trace metal concentrations, aluminium concentrations were an order of magnitude higher than CWQGs and exceeded levels which caused mortality in early stage (Gosner 25) leopard frog tadpoles .
Metals in sediments of the St. Lawrence River measured by Filion and Morin (2000) may not accurately reflect the exposure of biota in AOC wetlands. They analyzed metal content in the shallow littoral zone sediments of the river in the Cornwall AOC. Metal concentrations Fig. 2 . The total number of cumulative degree days at which 50% of the tadpoles had reached Gosner 42 (metamorphic climax). Northern leopard frog tadpoles raised at sites within the Cornwall AOC were exposed to significantly fewer degree days by the onset of metamorphosis compared to tadpoles raised at reference sites. Sites that were significantly different from one another are denoted by * and ✝ ✝. Fig. 3 . Tadpoles from sites within the AOC metamorphosed more synchronously than those within reference sites as indicated by the duration of time over which metamorphosis took place. Sites that were significantly different from one another are denoted by * and ✝ ✝.
that they measured were well below Ontario PSQGs (Persaud et al. 1992 ); which they attributed to the low proportion of organic matter and clay in the sandy, littoral zone sediments of the river. Wetlands, in comparison, tend to have high proportions of silt and clay in the sediments. In contrast to metals in shallow riverine sediments, concentrations of heavy metals and nutrients in our shallow wetland sediments were elevated, exceeding PSQGs, and in some cases reaching severe effect levels for biota. In particular, copper, chromium, nickel and zinc in the sediments of some or all of the study wetlands exceeded Ontario PSQGs (Persaud et al. 1992) . Sediments at all four study sites were nutrient-rich, as was true of the water, and exceeded PSQGs for TKN. Residues of PAHs and organochlorines, including PCBs, were low at all sites. Sediment contaminant profiles in Cooper Marsh and Gray's Creek were typical of the north shore of the AOC, containing elevated concentrations of heavy metals, but not the elevated concentrations of PCBs and PAHs associated with industrial sources on the south shore (Dreier et al. 1997) .
The hatching success and survivorship to metamorphic climax of leopard frog egg masses was high at all sites, with no significant differences among sites within the Cornwall AOC and reference sites. There were no associations between hatching success and trace metal concentrations for leopard frogs, even though aluminium levels at our sites exceeded those demonstrated to severely depress hatching success in a variety of amphibian larvae ). Early stage survivorship in leopard frog tadpoles was slightly but significantly higher at reference sites compared to sites within the Cornwall AOC. However, it is doubtful that the differences were biologically relevant given that the survivorship of tadpoles never fell below 75%. In general, survivorship results indicated that water quality at all sites was sufficient for the successful reproduction of leopard frogs and showed no evidence of reproductive impairment.
Several chemical characteristics of the water at our sites had important implications for the toxicity of metals to aquatic organisms. The neutral to slightly alkaline range of pHs found at all sites would probably have reduced the toxicity of most metals, compared to acidic conditions. The toxicity of aluminium to anuran larvae, including leopard frogs, is highly pH-dependent with free Al ions being more prevalent at low pHs, between pH 4.0 and 5.0, and aluminium hydroxy complexes forming above pH 5.0 (Freda 1991) . Aluminium can also complex with dissolved organic compounds which occur naturally in pond water. Levels of DOC above 5 mg/L, which was exceeded at all sites, can virtually eliminate aluminium toxicity . Divalent cations such as calcium and magnesium as well as increased levels of sodium decrease metal toxicity by competing with metal ions for binding sites on respiratory surfaces (Jackson et al. 2000) . For this reason, hard water often mitigates metal toxicity in acute exposures of amphibian larvae; however, chronic exposure studies in amphibians have not demonstrated a similar effect (Freda 1991) .
Elevated deformity rates in AOC wildlife are defined as a beneficial use impairment (International Joint Com- mission 1987). While rates of deformity in Gosner 25 caged leopard frog tadpoles were significantly higher at sites within the Cornwall AOC compared to reference sites, they were comparable to the 2% frequency predicted as a background level in frog populations (Ouellet 2000) . Rates of deformity in metamorphosing caged leopard frogs were also low, varying between 1 and 2% among sites. The rates expressed in caged leopard frogs did not indicate that there was a beneficial use impairment of this species in the two wetlands we studied within the AOC. Potential stressors or teratogenic agents were not present within the caged environment in which the frogs were raised. If teratogenic chemicals in the environment were principally responsible for elevated rates of deformity seen in wild frogs, then they were not present in high enough quantities in the water of these study sites to induce deformities. It is possible that caging reduces other stressors on tadpoles that act synergistically with contaminants to produce elevated rates. Tadpoles raised in cages were protected from some nutritional, competitive and disease stressors. We found significant differences in the onset and duration of metamorphosis of caged tadpoles. Tadpoles from sites within the Cornwall AOC metamorphosed significantly earlier and in a more synchronous fashion than did tadpoles from reference sites. Onset of metamorphosis is a phenotypically plastic trait (Wilbur and Collins 1973; Denver et al. 1998 ) and many natural or ecological factors are involved in its physiological induction. These factors include density, temperature, food availability and habitat quality (Newman 1998) . We attempted to address these factors in our study design by keeping conditions as uniform as possible among sites. Water temperature, which could not be controlled, was not responsible for differences in the onset of metamorphosis as demonstrated by the fewer number of degree days required for metamorphosis within the Cornwall AOC.
It is possible that differences in onset of metamorphosis among sites are the result of chemical contamination. Some chemicals act as antagonists of thyroid function and inhibit or reduce the peak in thyroid hormone that normally triggers the initiation of amphibian metamorphosis , thus leading to a delay in metamorphosis.
Tadpoles metamorphosing earlier often do so at the cost of a reduced body size at metamorphosis and have a decreased post metamorphosis survivorship (Beck and Congdon 1999) . However, caged frogs at sites where metamorphosis was accelerated did not show a significant reduction in body size. Snout-vent length was slightly, but significantly, larger at sites within the AOC as compared to reference sites, indicating that these frogs had faster growth rates.
Considering the levels of metals in the sediments from the region, and the documentation of delayed growth and development in tadpoles exposed to metals (Lefcort et al. 1998) , it would be interesting to repeat caging studies and include exposure to sediments. The observed acceleration in metamorphic rates might be reversed under such an exposure regime.
Consistent differences were seen among clutches in leopard frogs in terms of survivorship at various life stages and growth. Perhaps even more important, significant interaction terms were seen between clutch and site, indicating that clutches responded differently to environmental conditions at sites. Such interclutch variability is thought to be the result of maternal effects arising from differences in egg size or maternal investment per egg (Parichy and Kaplan 1992) . There is evidence to suggest that both maternal and genetic effects can lead to differences in tolerance to suboptimal water chemistry. Acid tolerance in wood frogs is highly dependent on maternal effects, and to some degree genetic effects (Pierce and Sikand 1985) . This variation in tolerance to water chemistry, growth rates and time to metamorphosis due to maternal effect has important implications for both field exposure studies and lab toxicity testing. More than ever it emphasizes the importance of using multiple clutches in amphibian bioassays.
Summary and Conclusions
Water and sediment within two AOC wetlands contained elevated levels of metals and nutrients, some exceeding federal and provincial guidelines for the protection of aquatic life. These same sites had significantly higher rates of malformations in caged leopard frog tadpoles; time to metamorphosis was reduced and metamorphosis was more rapid within the AOC, than in the reference wetlands.
While associations between contaminant levels and biological endpoints are correlative, we attempted to account for or remove as much as possible, variation due to environmental factors. Caging is a useful method to help control environmental factors in field exposures, such as density, food availability and predation, which may impact on biological endpoints.
No evidence for beneficial use impairment of leopard frogs was found in the two wetlands studied within the AOC, either in terms of reproductive impairment or deformities. However, only two wetlands within the AOC were examined. Further work, in a larger number of wetlands is required in order to definitively assess whether or not amphibian reproductive success is impaired within the AOC. sites and the St. Lawrence River Institute of Environmental Sciences for providing us with laboratory space. We are grateful for the scientific input of Brian Hickey, James P. Bogart, Phillip Byrnes and Doug Campbell and to D.V. Weseloh for reading earlier editions of this manuscript.
